OBJECTIVEdTo examine whether type 2 diabetes is associated with microstructural abnormalities in specific cerebral white matter tracts and to relate these microstructural abnormalities to cognitive functioning.
T ype 2 diabetes is associated with a twofold increased risk of dementia (1) . The etiology is still largely unknown, which hampers the development of preventive treatment. Previous findings in nondemented patients with type 2 diabetes suggest that early changes in brain structure and function can contribute to the increased dementia risk (2) . The first changes in cognitive functioning include slowing of information-processing speed and problems with attention, executive functioning, and verbal memory (3, 4) . Brain-imaging studies in patients with type 2 diabetes have demonstrated a higher prevalence of lacunar infarcts and increased white matter hyperintensity (WMH) volume compared with control subjects (5, 6) , but results are not consistent (7, 8) . Moreover, these lesions are only modestly associated with the diabetesrelated cognitive decrements (9) , suggesting that other, possibly more subtle brain abnormalities play a role.
Recent brain autopsy studies report subtle microscopic vascular and nonvascular white matter abnormalities in patients with type 2 diabetes (10, 11) . These subtle abnormalities cannot be detected with conventional structural MRI but may be detected with diffusion tensor imaging (DTI) (12) . DTI is a noninvasive technique that is sensitive to subtle white matter pathology in the brain. Damage to white matter fibers, such as demyelination and axonal changes, may lead to changes in the diffusion of water molecules and therefore to a change in the DTI parameters (13) . In addition, measurement of the directionality of the diffusion makes it possible to obtain maps of white matter tract anatomy and to study the connectivity between brain regions (14) . Abnormalities in specific white matter tracts can lead to disruption in information transfer between brain areas resulting in deficits in cognitive functioning. Previous studies, not specifically addressing type 2 diabetes, have indeed demonstrated that DTI can provide information that is clearly complementary to the classical magnetic resonance imaging (MRI) markers of small vessel disease, such as WMH and lacunar infarcts (15, 16) .
The current study examined 1) whether type 2 diabetes is associated with microstructural abnormalities in specific white matter tracts and 2) whether these microstructural abnormalities are related to decrements in cognitive functioning in nondemented older individuals with type 2 diabetes.
RESEARCH DESIGN AND METHODSdThirty-five participants with type 2 diabetes and thirty-five age-, sex-, and education-matched control subjects were recruited through their general practitioners as part of the second Utrecht Diabetic Encephalopathy Study (UDES2). The UDES2 is a population-based casecontrol study on microvascular MRI markers of impaired cognition in type 2 diabetes. Participants were included between April 2010 and June 2011. For inclusion, participants had to be between 65 and 80 years of age, functionally independent, and Dutch speaking. Patients had to have type 2 diabetes for at least 1 year. Participants were considered to have diabetes if they were receiving diabetes medication or if they had a fasting blood glucose $7.0 mmol/L. Control subjects had to have a fasting blood glucose ,7.0 mmol/L. Exclusion criteria for both groups were transient ischemic attack or noninvalidating stroke in the past 2 years or any invalidating stroke, neurologic diseases (unrelated to diabetes) likely to affect cognition, known history of psychiatric disorders requiring hospitalization, indication of dementia based on a Mini-Mental State Examination (MMSE) score #24, and alcohol abuse. We intentionally did not exclude participants for vascular risk factors other than type 2 diabetes in order to improve the generalizability of our results. Cognitive test data and brain scans were obtained from all participants. The study was approved by the medical ethics committee of the University Medical Center Utrecht. Informed written consent was obtained from all participants. All clinical investigation was conducted according to the principles expressed in the Declaration of Helsinki.
Cognitive testing
All participants underwent a detailed standardized cognitive assessment consisting of verbal and nonverbal tasks administered in a fixed order. We based our test selection on the literature on cognitive dysfunction in type 2 diabetes, previous studies from our group, and recommendations on the assessment of cognitive dysfunction in the context of vascular disease (2, 17) . IQ was estimated with the Dutch version of the National Adult Reading Test, which is generally accepted to reflect the premorbid level of intellectual functioning. Possible dementia was assessed by the MMSE. Depressive symptoms were evaluated with the Dutch version of the Beck Depression Inventory; possible depression was defined as a score .13. The remaining tasks were divided into three cognitive domains to reduce the amount of neuropsychological variables in the analysis and for clinical clarity. This division was made a priori, according to standard neuropsychological practice and cognitive theory. The domain verbal memory was assessed by the immediate and delayed task of the Rey Auditory , and one b = 0 s/mm 2 (three averages). The acquisition time was 5 min and 32 s. Data preprocessing, such as tensor estimation and correction of subject motion, was performed as previously described (18) .
Fluid-attenuated inversion recovery scans were obtained with the following parameters: 48 continuous slices, reconstructed voxel size 0.96 3 0.95 3 3 mm 3 , repetition time 11,000 ms, echo time 125 ms, and inversion time 2,800 ms.
Tractography
Tractography was performed with the ExploreDTI software package (http:// www.exploredti.com) (19) . The cognitive functions that are affected in patients with type 2 diabetes depend primarily on frontal, parietal, and temporal connections (20) . Therefore, we selected four major white matter tracts connecting those regions, namely, the superior longitudinal fasciculus (SLF), the uncinate fasciculus (UF), the inferior longitudinal fasciculus (ILF), and the genu and splenium of the corpus callosum (CC). Fiber tracts were reconstructed using constraint spherical deconvolution-based fiber tractography with a uniform seed point resolution of 2 3 2 3 2 mm 3 and a termination threshold for the fiber orientation distribution of 0.1 (the harmonic degree of the estimated fiber orientation distribution coefficients was limited to 6). Constraint spherical deconvolution-based tractography allows fiber tracking to proceed through crossing fiber regions and is therefore one of the preferred methods for selecting white matter tracts containing voxels with multiple fiber orientations, such as the SLF, ILF, and UF (21, 22) .
Tracts were reconstructed with a multiple region of interest (ROI) selection approach. Reconstruction was performed in each hemisphere and was based on a standardized atlas of white matter tracts (23) (Fig. 1) . Previously defined anatomical landmarks for ROI slice selection and placement were used to reduce subjectivity in fiber tracking. For reconstruction of the SLF, three "AND" ROIs were placed: two on a coronal slice in the frontoparietal lobe and one on a sagittal slice just after the curvature to the temporal lobe. Only those fiber trajectories that penetrated all "AND" ROIs were selected. For reconstruction of the UF, one "AND" ROI was placed on a coronal slice in the frontal lobe and one on an axial slice after the curvature to the temporal lobe. The ILF was reconstructed by placement of two "AND" regions on a coronal slice: one in the temporal and one in the occipital lobe.
The CC was reconstructed as previously described (24) . In summary, only the midsagittal segment of the CC was selected to exclude regions of crossing fibers from the more laterally projecting pathways of the CC. Subsequently, the genu and splenium of the CC were automatically segmented according to the division described by Hofer and Frahm (25) .
Diffusion parameters that were used to quantify microstructural white matter abnormalities (fractional anisotropy [FA] , mean diffusivity [MD], radial diffusivity, and axial diffusivity) were obtained for each tract. We additionally calculated the mean planar diffusion coefficient of each tract. The planar diffusion coefficient ranges from zero to one and is relatively high in voxels with a higher degree of fiber complexity such as in crossing fiber regions (26) .
Classical markers of small vessel disease Quantitative assessment of WMH was performed on the fluid-attenuated inversion recovery images using the age-related white matter changes scale (27) by two raters (Y.D.R. and M.B.) who were blinded for clinical data and group allocation. Five different regions were rated in the right and left hemispheres separately. In addition, cerebral large vessel infarcts and lacunar infarcts were identified. In case of disagreement, consensus was obtained in a consensus meeting.
Statistical analyses
The cognitive domain scores and diffusion parameters were all normally distributed. Demographic variables, cognitive performance, diffusion parameters, and classical markers of small vessel disease (WMH and lacunar infarcts) were compared between participants with and without type 2 diabetes with an independent-samples t test for continuous variables, a Mann-Whitney U test for nonparametric data, and a x 2 test for proportions.
DTI parameters from tracts that showed significant between-group differences were selected to evaluate the relation between these parameters and cognitive performance with linear regression analyses. To test whether the relation between DTI parameters and cognitive performance in the diabetes group was different from the control group, we assessed group 3 DTI interactions. In case of a significant interaction effect, we stratified the analyses for group. Because the between-group differences in DTI parameters were similar for tracts in the left and right hemisphere, we averaged diffusion measures from both hemispheres to obtain one value per tract. For significant group 3 DTI parameter interactions, post hoc analyses were performed on the left and right hemisphere separately. All linear regression analyses were adjusted for age, sex, and estimated IQ. Because crossing fibers have been shown to confound the relation between diffusion measures and cognition (22), we also adjusted for the degree of crossing fibers by entering the planar diffusion coefficient as a covariate in the model (28) .
To examine whether the relation between DTI parameters and cognition was mediated by classical markers of small vessel disease, we adjusted significant group 3 DTI parameter interactions on cognition for the presence of cerebral infarcts and total WMH load. To exclude the possibility that the relation between diffusion parameters and memory performance is affected by tract volume, we ran a separate model with tract volume as covariate. Finally, we explored the 
RESULTS
Between-group differences Group characteristics are shown in Table 1 . Groups did not differ in age, sex, or estimated IQ. Patients with type 2 diabetes performed slightly worse on the cognitive domains memory and attention and executive functioning compared with control subjects, but differences were nonsignificant (Supplementary Table 1 ). Raw test scores and corresponding z scores of each individual test are presented in Table 3 (Supplementary Data). There were also no significant differences in the presence of large vessel infarcts, lacunar infarcts, or WMH load. In two patients with diabetes, a large vessel infarct was observed on MRI. White matter tracts traversing through the affected regions were excluded from the analyses (in one patient the left UF and in the other patient the right ILF and right UF). The other tracts from these patients were included in the analyses. Significant between-group differences in MD values were observed in the SLF, UF, and ILF in both the left and right hemisphere and in the splenium of the CC demonstrating microstructural white matter abnormalities in patients compared with control subjects (Fig. 2) . A between-group difference in FA was found in the right UF (P = 0.046). The betweengroup differences in MD were driven by increased diffusivity along both the axial direction (parallel to the tract) and radial direction (perpendicular to the tract) for the left and right SLF, left and right UF, left ILF (all P , 0.05), and right ILF (trend P = 0.09; data not shown). Betweengroup difference in the splenium of the CC was explained by increased axial diffusivity (P = 0.02). Important to note is that the tract volume did not differ between the diabetes and control groups (P . 0.05).
Association between DTI measures and cognitive performance
The relation between white matter abnormalities and cognitive performance was evaluated for those DTI measures that showed a significant group difference between patients and control subjects. We found significant group 3 MD interaction effects, showing a negative association in the diabetes group between MD of the UF, ILF, and splenium of the CC and information-processing speed (standardized b [95% CI] 20.37 to 20.59) ( Table 2 ) and between MD of the ILF and memory (20.61 [20. 96 to 20.27]), while in the control group no significant relation between MD and cognition was observed. The group 3 FA interaction effect for the UF was also significant on the domain information-processing speed, indicating a stronger positive association between FA and cognitive performance in the diabetes group (0.37 [3.28-25 .01], P = 0.012) than in the control group (0.02 [27.15 to 7.92], P = 0.918). We did not observe a significant interaction effect for the SLF on any of the three cognitive domains.
Post hoc analyses on the significant group 3 MD interaction effects showed similar interaction coefficients for the left and right hemisphere: group 3 MD UF and information-processing speed (left, 23.36; right, 23.40), group 3 MD ILF and information-processing speed (left, 22.68; right, 22.92), and group 3 MD ILF and memory (left, 23.50; right, 24.30).
Adjustment for total WMH load and presence of cerebral infarcts did not modulate the significant associations (data not shown). Also, adjustment for tract volume did not change the results.
Relation with vascular risk factors
The group difference in MD between patients and control subjects was not modulated after adjustment for hypertension, BMI, or hypercholesterolemia (data not shown). Across the groups, hypertension was significantly associated with worse memory performance (b 20.24 [21.19 to 20.04]) after adjustment of age, sex, estimated IQ, and group. No relation between BMI, hypercholesterolemia, and cognitive performance was found. Multivariate models showed that the relation between MD and memory within the diabetes group remained significant after adjustment for hypertension (data not shown).
With respect to diabetes-related measures, elevated HbA 1c was associated CONCLUSIONSdThe current study demonstrated microstructural abnormalities in several major white matter tracts in older nondemented patients with type 2 diabetes compared with control subjects. These microstructural abnormalities were related to worse cognitive performance independent of classical MRI markers of small vessel disease (WMH and lacunar infarcts). Interestingly, we observed dissociations between abnormalities in specific white matter tracts and different aspects of cognitive functioning.
Previous studies have reported modest cognitive decrements in patients with type 2 diabetes on tests measuring information-processing speed, attention and executive functioning, and memory with effect sizes between 20.2 and 20.8 in the majority of studies (29). The effect sizes observed in this study are on the lower end of this spectrum (maximum 20.2). One factor that may have contributed to attenuation of the effect sizes is the fact that vascular and metabolic risk factors were relatively well controlled in the diabetes group (Table 1 ). This reflects current clinical practice guidelines, which are more stringent on cardiovascular control for primary and secondary prevention in type 2 diabetes (30), and is similar to other reports from Dutch population-based cohorts (9,31). The distribution of vascular risk factors in the control group was in line with previous observations in Dutch populations of similar age (32) .
Despite the small differences in cognitive performance, we observed consistent group differences in MD values in the majority of tracts in both hemispheres, indicating microstructural white matter abnormalities in individuals with type 2 diabetes. These results are in line with recent reports from a DTI study on type 2 diabetes (33) . By contrast, changes in FA were less pronounced. This can be explained by the fact that diffusion was increased parallel (axial) and perpendicular (radial) to the white matter fibers, which has a larger impact on the total MD than on the ratio between the axial and radial diffusion (FA). Based on the cognitive profile and results from previous neuroimaging studies, we expected that white matter tracts in patients with type 2 diabetes would be affected in frontal, temporal, and parietal regions. Indeed, white matter abnormalities were found in the UF, SLF, and ILF. In addition, we observed group differences in the splenium of the CC, indicating that the microstructural white matter abnormalities may also extend to more posterior areas.
Importantly, increased MD was associated with worse cognitive performance in the diabetes group after adjustment for age, sex, and estimated IQ but not in the control group, suggesting that microstructural white matter alterations underlie the cognitive decrements in older individuals with type 2 diabetes. Widespread deterioration of the brain network has previously been shown to affect age-related reductions in informationprocessing speed (34, 35) . We now demonstrate that in patients with diabetes, disruption of white matter tracts connecting frontal, parietal, and temporal regions is related to slowing of informationprocessing speed independent of age. The observed relationships between different aspects of cognition and white matter integrity are in line with current theories about the localization of higher cerebral function. Verbal memory performance was specifically related to microstructural abnormalities in the ILF, a large white matter tract crossing through the temporal lobe. In contrast, informationprocessing speed, an aspect of cognitive functioning commonly regarded as not specifically located in a particular brain region, was found to be related to more widespread changes in white matter integrity. These region-specific structurefunction relationships support the hypothesis that disruption of white matter connections plays an important role in the pathogenesis of diabetes-related cognitive deficits. Microstructural white matter abnormalities have also been observed in younger adults with type 1 diabetes (average age 45 years) (36) and in adolescents with type 2 diabetes (37). Our observations extend these previous findings by evaluation of the microstructural integrity of specific white matter tracts using fiber tractography in older participants in relation to individual cognitive domains. The finding that diabetes-associated microstructural white matter abnormalities can already be observed at a much younger age suggests that they should not be regarded as an early stage of a dementia process. Instead, this (vascular) white matter pathology makes the brain more vulnerable to the effects of Alzheimer pathology and other dementia-related processes later in life. In our view, the combined burden of these subtle microstructural white matter abnormalities, with other pathological changes that are common at an older age, such as global atrophy, WMH, and lacunar infarcts (9) , impacts on the reserve capacity of the brain and is thus likely to contribute to the increased dementia risk in type 2 diabetes.
The association between DTI measures, type 2 diabetes, and cognition was independent of classical markers of small vessel disease (WMH and lacunar infarcts) indicating that DTI is a more sensitive marker for the subtle diabetesrelated white matter abnormalities. White matter alterations in patients with diabetes may involve microvascular lesions such as microbleeds and microinfarcts (10, 11) or endothelial dysfunction (38, 39) , which may in turn affect cerebral blood flow resulting in hypoperfusion and impaired brain function (38) . Nevertheless, the exact pathological basis of these DTI changes in patients with diabetes remains to be established.
Strengths of our study are the detailed analyses of both high-resolution brain-imaging scans and cognitive functioning in a well-defined population-based cohort. This allowed us to accurately assess the relation between these parameters. We used fiber tractography to assess the white matter microstructure in patients with type 2 diabetes. This method is preferred for examining microstructural correlates of cognitive functions such as information-processing speed, attention, and memory because those functions depend on the transfer and integration of information between brain regions via those fiber tracts. The advantage over automated voxel-based analyses is that it is not sensitive to imperfect registration and smoothing errors (40) . Moreover, averaging across voxels from one tract reduces the variance in diffusion measures and thereby increases the power to detect more subtle changes in white matter structure. Our study has some limitations. First, selection bias may have led to a relatively healthy study sample and thus an underestimation of the effect. The more intensive cardiovascular treatment regimen in the diabetes group relative to the control subjects reflects the current clinical practice guidelines (30) . This does make our results generalizable to the population of well-controlled patients but is likely to underestimate the effect in less controlled patient populations. Second, although the cognitive tests used in our study have previously been shown to be sensitive to diabetes-related changes in cognitive performance in middle-aged individuals (2), our test selection was not exhaustive and inclusion of other tests would possibly have increased the sensitivity to detect modest cognitive decrements in patients with type 2 diabetes. Finally, to limit the number of comparisons we focused on a selection of white matter tracts, but future studies could demonstrate whether these findings extend to other fiber pathways or specific segments thereof.
This study demonstrated microstructural abnormalities in specific white matter Associations between the MD of each tract and cognitive performance stratified for group (2nd and 3rd column) and the P value for the group 3 MD interaction effects (4th column) are presented. Changes in z score per 1-SD increase in MD (95% CIs) are given, adjusted for age, sex, estimated IQ, and the planar diffusion coefficient reflecting the degree of fiber organization complexity. MD values of the SLF, UF, and ILF are averaged across both hemispheres. †Significant interaction effects indicate that the association between MD and cognition in the type 2 diabetes group is more negative than in the control group. *P , 0.05.
tracts in nondemented older individuals with type 2 diabetes. Microstructural changes, assessed with DTI, are a potential marker of early white matter abnormalities in type 2 diabetes and may be more sensitive than classical MRI markers of small vessel disease. Furthermore, disruption of white matter connections is a potential correlate of worse cognitive functioning in patients with diabetes.
